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^ \ Abstract 

Next-to-leading order QCD predictions for 1-jet and 2-jet cross sections in polarized 
^ ' deep inelastic scattering at HERA energies are presented. Whereas the QCD corrections 

'nI" . to the total polarized cross section are very large, only moderate corrections are found for 

^ \ the dijet cross sections. 



r^r 1 Introduction 



Oh: 



After the confirmation of the surprising EMC result that quarks carry only a little fraction of 



J3 



^ \ the nucleon spin the spin structure of a longitudinally proton is actively being studied theoret- 
Q \ ically and experimentally by several fixed target experiments at CERN, DESY, and SLAC 0]. 

■ So far only the inclusive polarized structure functions gi and §2 have been measured. These 
^ ■ measurements, however, do not allow to distinguish between the role of quarks and gluon distri- 
^ butions. The measurement of the polarized gluon distribution Ag{xg, has become the key 
experiment in order to understand the QCD properties of the spin of the nucleon. We study 
here the possible direct measurement of Ag{xg, fip) from dijet events at a HERA collider, in the 
scenario where both the electron and the proton beam are polarized. The measurement of the 
2-jet final state allows for a unique determination of the polarized gluon distribution Ag{^,fiF), 
in a region, where XgAg{xg) is expected to show a maximum p|, ^, As in the unpolarized 
case, the gluon distribution enters the 2-jets production cross section at LO thus suggesting 
such a direct measurement. We will present first results of the full NLO QCD corrections to the 
2-jet cross section in this contribution. The numerical results are based on the fully differential 
ep —>■ n jets event generator MEPJET 2.2 p, |^ which allows to analyze any 1- or 2-jet like 
observable in polarized ep— scattering in NLO in terms of parton 4-momenta. 
The NLO hadronic ra-jet cross section is given by 

(iAc7had[^-jet] =^ dXa Afa{Xa,HF) aJ^ilJ^R] A(Ta(po = XaP, HR, Hf) (1) 



Here, the polarized hadronic cross section is defined as 

1 
2 



rfAfThadNet] = I (dcrli^[n-iet] - dall^[n-iet]) (2) 
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where the left arrow in the superscript denotes the polarization of the incoming lepton with 
respect to the direction of its momentum. The right arrow stands for the polarization of the 
proton parallel or anti-parallel to the polarization of the incoming lepton. The polarized parton 
distributions are defined by Afa{xa,fi%) = fa-[{xa,fiF) - faii^a, fJ^p)- Here, fa^{fa[) denotes 
the probability to find a parton a in the longitudinally polarized proton whose spin is aligned 
(anti-aligned) to the proton's spin. 

A(Ta denotes the polarized NLO differential partonic cross section for the subprocess 



e^(Z) + parton a(po) — > + parton l(pi) . . . + parton n{j)r, 



(3) 



with as set to one from which collinear initial state singularities have been factorized out at a 
scale lip and have been implicitly included in the scale dependent parton densities fa{xa,fiF)- 
The following tree level and one loop subprocesses contribute to polarized n-jet production (up 
to NLO for n = 1,2) 



1-jet: 

1- jet: 

2- jets: 
2-jets: 



LO 
NLO 

LO 

NLO 



3-jets: LO 0{al 



e + q ^ e + q 

e + q e + q 1-loop corrections 

+ unresolved contributions from the 0{as 
e + q ^ e + q + g 
e + g ^ e + q + q 

e + q^e + q + g 1-loop corrections 
e + g—^e + q + q 1-loop corrections 
-|- unresolved contributions from the 0{al 
e + q ^ e + q + g + g 
e + q ^ e + q + q + q 
e + g e + q + q + g 



2-parton final states 



3-parton final states 



(4) 

and the crossing related anti-quark processes with q q. 

First discussions about jet production in polarized lepton-hadron scattering can be found in 
Ref. 0, where jets were defined in the JADE scheme for center of mass energies of 20 GeV, 
(which is about the energy of the fixed-target EMC experiment at CERN with a polarized 
muon beam of enery around 220 GeV). Although this energy is too small to observe clear jet 
structures, the studies in Ref. demonstrated alredy the unique possibility for a measurement 
of the polarized gluon density from dijet events in polarized DIS. Prospects for measuring the 
polarized gluon distribution at HERA energies have been discussed first in |@, H]. The results 
have been confirmed with the PEPSI program An extension of these studies including a first 
discussion of the QCD corrections to the polarized inclusive and 1-jet cross sections and 0{a1) 
polarized 3-jet cross sections was presented in Ref [^]. In this contribution, we present first NLO 
results for dijet cross sections. 



1.1 Polarized Jet Cross Sections 

Following the theoretical framework for the calculation of NLO jet cross section in unpolarized 
ep— scattering as explained in depth in Ref. 0, the polarized hadronic 1-jet exclusive cross sec- 
tion in the 1-photon exchange up to £?(««) reads 
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Ao-had[l-jet] = 



i=q,q 



i=q,q 



[^e,2A/,(r/,/i^)] A|M(^^)^, 



i=q,q 



+ (5:e,2)A/,(r^,M AIM 



(pc)_|2 



n - Smin) ^1^2({Pi}) 

i<j;0 



(5) 



where the Lorentz-invariant phase space measure 

^PS(''+") is defined in Eq. (9) of Ref. § and 
(Jo = n'^a'^/{{po.l)Q'^). Ji^i{{pi}) and Ji^2({Pi}) represents the jet algorithms. The jet algo- 
rithm Jn^n yields one if the original final state n-parton configuration yields n jets satisfying the 
experimental cuts. Jn^n can be expressed as a product of a clustering part and an acceptance 
part 0. Similarly, the jet algorithm Jn^n+i evaluates to one if the {n + 1)- parton configuration 
yields n detected jets and vanishs otherwise. More precisely, J„^„+i evaluates to one either if one 
pair of partons is clustered into one jet and the remaining (n — 1) partons are well separated from 
this jet and pass all acceptance criteria (together with the jet) or all (n+ 1) partons are resolved 
but one parton does not pass the acceptance cut. For more details see Eqs. (10) and (18), respec- 
tively in Ref. 0. The 1-jet inclusive cross section is defined via Eq. (|^) by replacing Ji^2{{Pi}) 
in the last line by {Ji^2{{Pi}) + J2^2{{Pi})), i-e. the 1-jet inclusive cross section is defined as 
the sum of the NLO 1-jet exclusive cross section (as defined in Eq. (H)) plus the LO two jet 
cross section. The theoretical cutoff parameter Smin is a completely unphysical parameter and 
the numerical results for any infrared safe observable are insensitive to a reasonable variation 
for sufficiently small Smm values [^, ^. The dynamical /Cq^g factor in Eq. (^) is the same as is 
unpolarized case given in Eq. (164) in Ref @. The polarized squared matrix elements in Eq. (|^) 



are 



|M(^^)p = 32 Upo.lf - ipo.ir 



If (i-(i-y)2) 



128 „ {LpoY - {I'.po? - {Ipi? + {I'.Pif 



AIM 



(pc) 1 2 



16 (/./ 



(Pl-P2)(P0-P2) 

{l'.P2? - {l.P2? + {V.Plf - {l.Pl? 
{P0-Pl){P0-P2) 



(6) 
(7) 

(8) 



Color facors (including the initial state color average) are included in these results. 



The structure of the polarized crossing functions ACr^ (77, /i^, Smin) in Eq. (|^) is identical to 



the structure of the unpolarized crossing functions |P, H: 



N 
2^ 



(9) 
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with 

AA„(x, ixp) = J2 AAp_.a(x, /i^) A5f = ^ Ai?J!!^(x, /i^) (10) 

p p 

The sum runs over p = q,q,g. More specifically, the polarized crossing functions for valence 
quarks and sea quarks, which are needed in Eq. @, can be obtained from Eqs. (27,28) in 
Ref. by replacing A,B,C by AA, AB, AC respectively. The finite functions AAq^q{x, ^p) 
and AB^g{x, fip) can be obtained from the r.h.s. of Eqs. (31,35) in Ref. with fq replaced by 
Afq. The polarized g q induced functions AAg^q{x, fip) and AB^^^x, fip) are given by 

A^.^. = / -Af,{x/z,f,p) - AP^%{z) (11) 

J X Z 4 

= ['-Af,{x/z,f,p) I {aP!^%{z)H1-z)-AP(%{z)} (12) 
with the polarized Altarelli-Parisi kernels 

^Pl^Xi^) = lAP^tU^) = l[2z-l] (13) 
APi!l,(^) = ^AP(!)^(Z) = (14) 

The corresponding formula to Eq. (^ for the NLO 2-jet cross section is too long to be presented 
here. 



1.2 Numerical Results 

In this part we present numerical results for polarized NLO 1- and 2-jet cross sections at HERA 
energies. Eq. (|^) includes all relevant information for the calculation of the fully differential 1-jet 
or total 0{as) polarized cross section. 

For the following numerical studies we use a cone algorithm defined in the lab frame with 
AR = 1 and plf' > 5 GeV. Events are selected in the Q"^ range of 40 < < 2500 GeV^. In 
addition, we require 0.3 < y < 1, an energy cut of E{e') > 5 GeV on the scattered electron, and 
a cut on the pseudo-rapidity r] = — lntan(6'/2) of the scattered lepton and jets of \ri\ < 3.5. The 
renormalization scale and the factorization scale are set to Q. The results are based on parton 
distributions from Gehrman and Stirling (GS) "gluon set A" together with the 2-loop formula 
for the strong coupling constant. 

With these parameters, one obtains 23 pb for the LO 1-jet cross section (= al'^) and -10.4 pb 
for the NLO 1-jet inclusive cross section^ (= cr^t°). 

The origin of these extremely large corrections is investigated in Fig. 0. The Bjorken-x de- 
pendence of the corresponding cross sections in Fig. |I]a shows that the corrections are dominated 
by events at small x. As already mentioned the 0{as) corrected 1-jet inclusive cross section 
(solid curve in Fig. ^) is defined as the sum of the NLO 1-jet exclusive and the LO 2-jet cross 
section. Fig. lb shows the x dependence of the hard LO 2-jet contribution. The negative correc- 
tions are entirely due to the hard boson-gluon fusion subprocess (lower curve in Fig. |I|b), which 
is negative for x < 0.025, whereas the contribution from the quark-initiated process is positive 
(but fairly small) over the whole kinematical range. The important observation is that the 0{as) 

^The difference between tlie 1-jet (incfusive) cross section and the total {0{as)) cross section due to effects 
discussed in section 4.2 in Ref. are small and will be neglected in the following. 
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Figure 1: a) Dependence of the polarized LO and NLO 1-jet inclusive cross section as a function 
of Bjorken x with cuts as decribed in the text. LO (NLO) results are based on LO (NLO) "gluon 
set A" parton distributions [|10|; b) LO 2-jet contribution to the NLO 1-jet inclusive result in a). 
Jets are required to have Px^{j) > 5 GeV. Results are shown for the quark and gluon initiated 
subprocesses alone and for the sum. 



corrections in Fig. ^ are dominated by these hard 2-jet events, and in particular by the large 
negative contribution from the boson-gluon fusion subprocess. 

In order to compare the feasibility and the sensitivity of the measurement of the spin asym- 
metry at HERA energies, Fig. |^a compares the asymmetries 



(Act) 



A<Lo[tot] 
<o[tot] 



(^2-jet) 



AfT^'^'i [2-jet] 
[2-jet] 



cr 



had 



(15) 



as a function of x. The unpolarized cross sections in the denumerators of Eq. ( P^ ) are based on 



NLO GRV |12| parton distribution functions. 



O 0.06 



0.02 
<1 




log.„X 



Figure 2: Asymmetries (A2-jet) and (Aot) in Eq. (|15]) as a function of 



X. 



One observes that the dijet asymmetry (A2_jet) is much larger (up to 3-4%) than the inclusive 
asymmetry (Atot) in the low x region, which is hardly (or even not at all) constrained by currently 
available DIS data. Thus, the dijet events from polarized electron and polarized proton collisions 
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Figure 3: a) Same as Fig. |T]b for the Xa {a = q, g) distribution, Xa representing the momentum 
fraction of the incident parton at LO; b) 0{a1) 3-jet contribution with pJf'^(j) > 5 GeV. Results 
are shown for the quark and gluon initiated subprocesses alone and for the sum. 

at HERA are expected to provide the best measurement of the gluon polarization distribution 
in the small x regime. 

For the isolation of polarized parton structure functions we are interested, however, in the 
fractional momentum Xa of incoming parton a {a = q,g), which is related to x by 

Xa = X [l + Sj,/Q^) (16) 

{sjj denotes the invariant mass squared of the two jets). The corresponding Xa distributions of 
the polarized 2-jet cross sections are shown in Fig. 

LO predictions for the polarized 0(0^) 3-jet cross sections are shown as a function of Bjorken- 
X in Fig. One observes a very similar shape for the gluon and quark initiated subprocesses 
as already found for the 2-jet results in Fig. |I]b. Moreover, the 3-jet cross sections are now 
suppressed by about a factor five compared to the LO 2-jet cross sections in Fig. |I]b. Note that 
the new gluon initiated subprocess eg —>■ eqq was responsible for the very large 0{as) corrections 
in the 1-jet inclusive case. There is no such new contributing subprocess starting at 0{a^) (see 
Fig. Pd), which could introduce similarly large corrections to the 2-jet results. 

The QCD corrections to the dijet cross sections are investigated in Figs. ||,^ Compared to 
the previous results for dijet cross sections, jets are required to have transverse momenta of at 
least 5 GeV in the laboratory frame and in the Breit frame. Furthermore the renormalization 
scale and the factorization scale are set to fiR = fip = 1/2 J2j ^r(i) HI- Here {k^{j)Y is defined 
by 2Ej{l — cos 9jp), where the subscripts j and P denote the jet and proton, respectively (all 
quantities are defined in the Breit frame). LO (NLO) results are based on LO (NLO) parton 
distributions from Ref. [0 with the 2- loop formula for the strong coupling constant. With these 
parameters one obtains a LO (NLO) polarized two jet cross section Ao"'^^'^ (2-jet) of -10.4 pb 
(-10.0 pb). Thus the higher order corrections are small. 

Fig. ^ shows the dependence of the polarized exclusive 2-jet cross section in the cone scheme 
on Bjorken x in LO and NLO. The effective i^-factor close to unity for the exclusive dijet cross 
section is a consequence of compensating effects in the low x {K < 1) and high x {K >1) regime. 
The dependence on the fractional momentum Xa of incoming parton a {a = q, g), which is related 
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Figure 4: (a) Dependence of the polarized exclusive 2-jet cross section on Bjorken x. Both 
LO (dashed) and NLO (sohd) results are shown. LO (NLO) results are based on LO (NLO) 
"gluon set A" parton distributions |10|. (b) Same as a) for the Xi distribution, Xi representing 



the momentum fraction of the incident parton at LO. 



by Eq. (|I6D to Bjorken— x, is shown in Fig. ^3. The NLO distribution is shifted towards larger 
Xa values compared to the LO result. The sjj distribution in Fig. |^a exhibits fairly large QCD 
corrections as well. In particular, the invariant mass squared of the two jets is larger at NLO 
than at LO. 

Another observable which exhibits rather large NLO corrections is the the jet rapidity of the 
most forward jet in the lab frame shown in Fig. ^3. At NLO jets are produced somewhat more 
forward (in the proton direction) than at LO. Hence, the rapidity cut at |?7j| = 3.5 has a stronger 
effect in NLO, which partially explains the .fC-factor close to one. 

We found, that the QCD corrections to the transverse momentum distributions of the jets 
in both the lab and Breit frame are fairly small. Furthermore, it is shown in Refs. 0, ^, ^ that 
the 2-jet spin asymmetry is not washed out by hadronization effects. Asymmetry distributions 
for additional kinematical variables are considered in Ref. |TT|]. 

In conclusion, the QCD corrections to dijet cross sections in polarized electron and polarized 
proton collisions at HERA are found to be moderate. Thus, dijet events can provide a good 
measurement of the gluon polarization distribution. 
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